Antigen-combining site arises by noncovalent association of the variable domain of the immunoglobulin heavy chain (VI,) with that of the light chain (VL). To analyze the invariant features of the binding region (VL-VH domain interface), we compared the known immunoglobulin three-dimensional structures by a variety of methods. The interface forms a close-packed, twisted, prism-shaped "fl-barrel" characterized by cross-sectional dimensions 1.04 X 0.66 nm and a top-to-bottom twist angle of 2120. The geometry of the interface is preserved via invariance of some 15 side chains, both inside the domains and on their surface. Buried polar residues form a conserved hydrogen-bonding network that has a similar topological connectivity in the two domain types; two hydrogen bonds contributed by invariant side chains extend across the interface and anchor the fl-sheets in their relative orientation. Invariant aromatic residues close-pack at the bottom of the binding-site fl-barrel with their ring planes oriented perpendicularly in the characteristic "herringbone" packing mode. Electrostatic computations that implicitly include solvent effects show the domains to be stabilized by large electrostatic forces. However, structures that were crystallized at lower pH have their electrostatic energies appropriately lowered, implying that full ionization of carboxyl side chains is essential for efficient electrostatic stabilization. The unusual mode of domain-domain association in the VL-VL dimer RHE correlates with its overall repulsive electrostatic energy (+54 kJ/mol), as opposed to negative (i.e., stabilizing) energy values (-263 to -543 kJ/mol) found in the domains of the other structures. The VL-VL dimer REI mimics closely the interface geometry of VL-VH dimers although its domain-domain contact area is lower by 18%.
The structural diversity of antibody molecules epitomizes one of the most interesting problems of molecular biology, that of a relationship between molecular shape and biological function. Although spatial structures of three different antibody binding sites have been elucidated (1-3), our knowledge of structural prerequisites of the antigen binding function remains incomplete. Relative importance of individual amino acid residues that form the antigen binding site is not well understood, nor is it clear how their presence influences antigen binding. Recent advances in genetic engineering have put at our disposal a means to modulate antibody specificity at will-e.g., by applying site-directed mutagenesis to genes encoding immunoglobulin polypeptide chains. This possibility, however, can only be realized on the basis of a sound understanding of principles that determine protein anatomy in general (4, 5) and that of antibody molecules in particular (6) .
The antigen-combining site is formed by noncovalent association of two "variable" (V) domains provided by two different polypeptide chains, heavy (H) and light (L). The VL-VH interface consists of two closely packed p3-sheets and its geometry corresponds to a nine-stranded elliptical (4) or prism-shaped (7) barrel. The barrel forms the bottom and sides of the antigen binding site, and amino acid residues that are part of the domain-domain interface and appear not to be accessible to solvent or antigen contribute to antibody specificity (6) .
Here we study those conformational features of the VL and VH domains that are conserved in all the antibodies and form the constant scaffold for the binding site. We do so by comparing three-dimensional structures with use of a novel procedure (8, 9) : we superimpose, by the least-squares method, only those side chain atoms that are invariant in all the immunoglobulins. This allows for differences in functional importance of different parts of the structure and leads to more meaningful results than the method employed previously (10, 11) , namely, a least-squares superposition of complete polypeptide chain backbones (i.e., optimization of structural correspondence over the domain as a whole). We also analyze the conserved hydrogen-bonding network existing among polar side chains that are buried inside the domains and discuss the contribution of electrostatic interactions to the stability of the binding site.
ATOMIC COORDINATES AND CALCULATIONS
Crystallographic coordinates of human Fab fragments NEW, KOL, and MCPC 603; VL-VL dimers RHE and REI; and Bence Jones protein (light-chain dimer) MCG were obtained from the Brookhaven Protein Data Bank (12) . No attempts were made to energy-minimize or otherwise improve the original data. Structural manipulations, such as least-squares superpositions, generation of hydrogen bonded lists, potential energy evaluations, etc., were performed with the program CHARMM version 16 (13) as described (6, 14) . The electrostatic potential was computed by use of a solventmodified Coulomb formula (14) . The effect of solvent was modeled by multiplying charges on atoms by a constant that depends linearly on the distance of the atom from the surface of the protein (15) . The potential was evaluated to infinity; i.e., no distance cutoff was applied to evaluations of pairwise atomic interactions. Stereo drawings were made from CHARMM-generated files, using previously described graphics facilities and software (14) . Amino acid alignments of immunoglobulin variable domains used as a basis for structural comparisons and residue numbering were those of Kabat et al. (16) .
RESULTS AND DISCUSSION
Conservation of the Binding Site Geometry. Although all the immunoglobulin domains share the same folding schemetwo antiparallel p-sheets packed face-to-face (4)-the number of p-strands, strand orientation, side chain preponderAbbreviations: VL, light chain variable; VH, heavy chain variable.
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ance, and other structural characteristics differ widely among various domain types (VL, VH, and constant domains CL, CHi, CH2 and CH3). Only three residues are common to all the domains: two cysteines that form a disulfide bridge between the /3-sheets and a tryptophan that packs against them (17) . Structural diversity of this kind correlates with the fact that different domain types perform different biological functions, such as antigen binding in VH and VL or complement binding in CH2. Identical domain types, on the other hand, might be expected to have many more structural features in common.
To compare x-ray structures of VL and VH domains, the best-resolved crystallographic data-set, the Fab fragment KOL, was first chosen as a reference structure and oriented most conveniently in the reference frame of Cartesian coordinates ("barrel orientation"' of figure 4 in ref. 6 VL-VH dimers. In addition to the residues used to produce the least-squares fit (see Fig. 1 and legend (VH) involved in interdomain hydrogen bonds. (C) A detailed. view of KOL backbone segments that form the interface P-barrel (binding site). Heavy line, 13-strands forming the barrel; light line, interstrand hydrogen-bonds and the least-squares-fitted strophoid surface that was used to obtain the dimensions of the barrel (see Table 1 for /3-barrel dimensions). (16) . The majority of them have hydrophobic side chains, and our solvent-accessibility calculations (18, 19) confirm the previous observation (20) that virtually all of them are buried inside the domains. However, we found that some of the nonpolar residues are exposed to solvent, while some of the polar ones are buried. The structural importance of the exposed nonpolar and buried polar residues is apparent from the fact that they belong to the most stringently conserved side chains in both VL and VH domains (16) . The solvent-exposed residues are Tyr-36, Leu-46, Tyr-87, and Phe-98 in the VL domain and Val-2, Leu-45, Trp-47, and Trp-103 in the VH domain; the buried residues are Gln-6, Gln-37, Asp-82, and Thr-102 in the VL domain and Gln-6, (24, 25) and possesses antigen-binding capacity (26, 27) . In fact, cross-sectional dimensions of VL-VL interfaces in crystallographic structures REI and MCG correspond closely to those of VL-VH domain dimers (Table 1) . Side chains at the REI VL-VL interface, particularly the pair Gln-38/Gln-38 and the aromatic rings, mimic the side chain arrangement of the KOL VL-VH interface (Fig. 4) . Solvent accessibility calculations show that surface area buried upon REI VL-VL dimerization is smaller by some 3.35 nm2 than the average VL-VH contact area. However, several strong, buried hydrogen bonds provided by residues from hypervariable loops and extending across the VL-VL interface supply an additional stabilization in the REI domain dimer (24) .
Aromatic Side Chains at the Bottom of the Site. Fig. 2B illustrates the close-packed cluster of the invariant aromatic side chains at the VL-VH interface. The clustering is similar to that of other "herringbone" packing motifs (29) , characterized by ring centroid distances of approximately 0.56 nm and ring dihedral angles close to 600 (30) . Such "perpendicular" ring arrangement is also found in benzene crystals (31) . The herringbone geometry principally differs from an apparently directionless packing of aliphatic side chains found at typical ,83sheet interfaces (7, 32) , and its static and dynamic aspects might be of importance to the process of antigen binding. Numerous experimental data point to small but definite structural rearrangements of antibody molecules upon antigen binding (33) (34) (35) (36) (37) , and recent crystallographic studies of aromatic ligands bound to the VL-VL dimer MCG   FIG. 4 . A close-up of the side-chain arrangement at the VL-VL interface of RET. To emphasize the similarity to VL-VH interfaces, the backbone segments of KOL that form its binding site are drawn in light lines, together with the prominent side chains that mediate domain-domain contacts between KOL VL-VH domains (see also detected rearrangements of aromatic side chains within the binding site (3-barrel (38) .
Electrostatic Interactions in Variable Domains and Fv Fragments. In computing the electrostatic energy on atoms, residues, and whole domains, we used two different apprQaches: (i) the model of electrostatics that incorporates an approximate representation of solvent effects (14) and (ii) the unmodified Coulomb formula with the dielectric constant = 50, evaluated to infinity (39) . Both methods yielded comparable results and only the solvent-modified energies are reported here. Table 2 shows that the isolated VL and VH domains are generally stabilized by electrostatic contributions regardless of their net charge, Xq1 (qj, the charge of the ith side chain, is +1 for lysine and arginine and is -1 for aspartate and glutamate). However, full ionization of acidic side chains is essential for efficient electrostatic stabilization, since the electrostatic energy of structures that were crystallized at lower pH is lower.
The total electrostatic energy of the domains represents a balance between attractive and repulsive side chain interactions. Some of these contributions were found to be very large compared to the resulting total energy; the energy of a single residue, expressed as kJ/residue, may often amount to 20-30%o of the total electrostatic energy of the domain (kJ/mol). Residues contributing most significantly are Lys-45, Arg-61, Lys-103, Glu-81, and Asp-82 in the VL domains and Arg-38, Lys-43, Glu-85, and Asp-86 in the VH domains. All of them are conserved in other immunoglobulins as well (16) although Arg-38 of VH is often replaced by a lysine. Unusual Mode of VL-VL Association in RHE. The importance of electrostatic interactions to the integrity of the binding site is next discussed for the structure RHE (44, 45) . The two VL domains of this structure do not dimerize "face to face" as in the VL-VH modules but "side by side" (Fig.  5) , violating virtually all the characteristics of domain-domain association described above. No close-packed, A-barrel structure exists at the domain-domain interface; instead, the 8-hairpin loop of residues 38-48 is displaced some 0.4 nm away from its usual position and makes two interdomain, backbone-to-backbone hydrogen bonds as in regular antiparallel p-sheets. In an apparent correspondence with this anomalous dimerization mode, electrostatic stabilization ofthe RHE VL domains is only a fraction of that seen in, e.g., KOL or MCPC 603 domains (Table 2) , It would thus appear that a close VL-VL association of RHE is only possible under the particular crystallization conditions of extreme hydrogen ion concentration (pH 4.5), where electrostatic interactions are reduced to a small fraction of their original strength and do not significantly enter into the total energetic balance of Gibbs free energy of domain folding and domain-domain association. However, small crystals of RHE were also obtained at pH 6 and their diffraction pattern was reported to be identical to those of the bigger crystals obtained at pH 4.5 (43) . Further computational and crystallographic study is needed to clarify the influence of electrostatic force on stability of variable domains and VL-VL or VL-VH dimers.
